Introduction
Molecular squares and rectangles with metal corners and ligand sides have become increasingly available as structurally characterized "supramolecular" entities. 1,2 Apart from the structural fascination, the question of molecular recognition, and the development of synthetic strategies, another attractive aspect of these kinds of structured assemblies is their potential function in photo-or electrochemistry 2,3 and molecular electronics. 4 Whereas the antenna function of supramolecular aggregates has been studied 2,3 and magnetically interacting systems were reported recently, 5 there is a scarcity of electron-transfer studies of molecular squares and rectangles. 1, 2 Although both 4,4′-bipyridine (bp) 6 and bis-chelating 2,2′-bipyrimidine (bpym) 7 are reducible ligands, especially when symmetrically coordinated to metals, the recently reported and structurally characterized tetrarhenium(I) molecular rectangle [(bp) 2 (bpym) 2 (OC) 12 Re 4 ] 4+ (1 4+ ) was described to yield "only irreversible waves for both the reduction and oxidation reactions" in acetonitrile. 8 In consideration of our previous experience with successive reversible multielectron uptake by metal complexes with several different unsaturated heterocyclic ligands, 9 we have investigated (1)(CF 3 SO 3 ) 4 via cyclic voltammetry and UV/vis/IR spectroelectrochemistry, using an optically transparent thin-layer electrolytic (OTTLE) system. 10
Results and Discussion
The compound (1)(CF 3 SO 3 ) 4 was obtained as reported 8 and was subjected to cyclic voltammetry in DMF/0.1 M Bu 4 NPF 6 and CH 3 CN/0.1 M Bu 4 NPF 6 . Dry N,N-dimethylformamide in particular is a superior solvent for studying multiple electrontransfer processes in the negative potential region. 9a The cyclic voltammogram in DMF (Figure 1 ) exhibits four sets of twoelectron waves, of which the two at most negative potentials show a clear splitting into two one-electron processes. A Baranski analysis 11 of the first wave clearly documents the twoelectron character, and a graphical simulation 12 of the cyclic voltammogram (Figure 1 ) yields the data summarized in Table  1 .
The cyclic voltammogram of (1)(CF 3 SO 3 ) 4 in CH 3 CN/0.1 M Bu 4 NPF 6 shows features at similar potentials as in DMF; however, even the first reduction process is not ideally reversible but exhibits an anodically shifted (∆E ) 0.27 V) additional reoxidation peak. Substitutional lability in the presence of the potential ligand acetonitrile 9b,14 and adsorption effects at more negative potentials are probably responsible for this nonreversible behavior 8 in CH 3 CN.
Returning to DMF, the mere registration of electrode potentials does not reveal the sites of the individual electron uptake processes, although previous experience 6,7 would suggest more facile reduction of the bpym ligands. In comparison to bp, bpym contains two more electronegative nitrogen atoms instead of two CH groups. In addition, the metal coordination to four N centers of bpym is likely to shift the reduction potential to less negative values via stabilization of the π* MO. 7a Unfortunately, EPR spectroscopy is not a useful means of localizing the site of electron addition to 1 4+ because of the severe broadening occurring for large (i.e. slowly tumbling) radical species containing the dominating 185,187 Re isotopes 9b,13,14 and the two-electron character of the first two waves.
We therefore used OTTLE spectroelectrochemistry 10 in the UV/vis region. The bp sufficiently, which provides a means for distinguishing the sites of electron uptake. The long-wavelength features are most indicative: while bp •-exhibits a fairly intense structured band around 600 nm, 15 familiar from the coloring of reduced "methylviologen", the radical anion bpym •-and the dianion bpym 2-display much weaker, forbidden, and usually vibrationally structured π f π * (π 7 f π 8 ) transitions with maxima beyond 750 nm in the near-infrared region. 16 Figure 2 illustrates the UV/vis spectroelectrochemical response of (1)(CF 3 SO 3 ) 4 . The first two-electron-reduction process causes the emergence of a weak ( < 10 3 M -1 cm -1 ) broadband system between 600 and 1300 nm which changes only slightly after two more electrons have been added. This behavior indicates simultaneous reduction of the bpym ligand "sides" of the rectangle 1 4+ (Scheme 1).
Following the now stepwise addition of two more electrons, an intense, structured band system emerges in the visible region (Figure 2 ) with the main maximum at 585 nm and other features at 630, 745, and 850 nm. This pattern is rather similar to that of bp •-in MTHF (585, 650, 845, 970 nm). 15 On acquisition of the seventh electron this band begins to decrease (Figure 2 ) due to the further reduction of bp •-to bp 2-; spectroelectrochemistry of the last step was not possible due to slow but detectable degradation of the system.
The presence of the fac-Re(CO) 3 corners in the molecular rectangle 1 4+ provides an additional opportunity to monitor the electron-transfer processes by spectroelectrochemistry, this time in the carbonyl stretching region of the IR (Figure 3 , Table 1 ).
The typical 9a,13,14,17 pattern of one narrow band (A 1 ) and one broad feature (E in approximate C 3V symmetry, otherwise A′ + A′′) experiences the expected 7,17 low-energy shift upon reduction. Whereas the first two two-electron waves cause significant shifts in the range between 15 and 40 cm -1 for each 2e step, the following electron uptake results in distinctly smaller shifts of only a few wavenumbers (Table 1) . Apparently, but not surprisingly, the reduction of the bidentate bpym ligands affects the (Re-)CdO bond orders and thus the CO stretching frequencies much more than electron uptake by the bismonodentate bp ligands. Similar observations were made previously for the complexes [(MQ)(N∧N)(OC) 3 Re] n (MQ + ) 1-methyl-4,4′-bipyridinium, N∧N ) R-diimine chelate ligand, n ) 2+, +, 0, -). 9b The larger shifts of the CO stretching bands during the last reduction step can be ascribed to the formation of a quinoidal ring structure of the doubly reduced bp ligand and hence increased donor ability of the N atoms. The spectra in the last set are partially obscured, and the isosbestic point is lost.
From the spectroelectrochemical information we suggest a sequence of site-specific electron transfer processes to the molecular rectangle 1 4+ as shown in Scheme 1.
An interesting observation is the splitting of the third and ; (bottom) graphic simulation (DigiSim 2.1) using the data from Table 1 . .
d Twoelectron waves. e Not determined due to slow decomposition.
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Inorganic Chemistry, Vol. 39, No. 21, 2000 Notes fourth two-electron waves (Figure 1 ). This effect is presumably due to increased overall negative charge, which implies electrostatic repulsion. 18 Other possible factors are conformation changes (twist along the Re-N---N-Re axes) and the closer proximity of the bp sides (ca. 6 Å) in rectangular 1 4+ in comparison to the larger distance of about 11.5 Å between the bpym sides. 8 The results presented thus illustrate that π-conjugated ligand components of molecular rectangle complexes can be charged stepwise with the appropriate number of electrons, adding the "electron reservoir" function to the list of potential uses of such aggregate materials. 2-5 
Experimental Section
Infrared spectra were recorded using a Perkin-Elmer Paragon 1000 FTIR instrument. UV/vis/NIR absorption spectra were recorded on a Bruins Instruments Omega 10 spectrophotometer. Cyclic voltammetry was carried out at 200 mV/s scan rate in dry 9a DMF/0.1 M Bu4NPF6 using a three-electrode configuration (glassy-carbon electrode, Pt counter electrode, Ag/AgCl reference) and a PAR 273 potentiostat and function generator. The ferrocene/ferrocenium couple served as internal reference. Graphical simulation of cyclic voltammograms was performed with a commercially available program 12 and the data from Table 1 . Spectroelectrochemical measurements were performed using an optically transparent thin-layer electrode (OTTLE) cell.
10 Reversibility was checked through the appearance of isosbestic points and by obtaining nearly 100% signal intensity upon reoxidation. The number of electrons transferred in the first step was determined by comparing the diffusion-controlled currents in a large amplitude potential step experiment and the limiting currents from steady-state voltammetry for (1)(CF3SO3)4 with those of the ferrocene standard as suggested by Baranski et al. 11 and finally by controlled-potential electrolysis.
The compound [(bp)2(bpym)2(OC)12Re4](CF3SO3) ((1)(CF3SO3)4) was obtained and characterized as described. 8
